
I. Abstract

We have invented a method that results in the realization of a charge-coupled device (CCD)
on a fully-depleted, 300 �m thick high resistivity n-type silicon substrate. The substrate is fully
depleted by the application of an independent voltage through an optically transparent backside
contact. As a consequence of these innovations the CCD has superior near infrared and blue
response (� = 300 to 1050 nm) over existing CCDs. The next generation of major science projects
planned for all of the largest telescopes require large-format image sensors with high quantum
e�ciency continuously from 300nm to 1050nm. This CCD uniquely satis�es this requirement.

The optical absorption length in silicon increases dramatically with wavelength, changing by
more than three orders of magnitude over the optical region. The typical CCDs in current use
on a low-resistivity silicon substrate have a thin 20 �m active region, limiting optical sensitivity
for � >� 850 nm. For imaging applications, blue losses in the front circuitry are avoided by rear-
illumination of \thinned" CCDs, in which the substrate under the active region has been removed.
The process is time-consuming, has low-yield, and is costly. It also introduces a second reecting
surface, so that multiple reections produce interference fringes at long wavelengths.

Previous CCDs on high-resistivity silicon, called \deep-depletion" devices, cannot achieve full
depletion of a thick substrate, require thinning to 40-50 �m, and still su�er from fringing in the near
IR. The alternative \full-depletion" technology radically departs from these previous CCDs and
by virtue of the thick substrate yields high quantum e�ciency while avoiding the costly \thinning"
processes. The expected quantum e�ciency of our \full-depletion" technology with a two layer
anti-reective coating is 85% at 1000nm (T=270K) while \deep-depletion" CCDs have achieved at
best 16%. The use of an optical window with an applied depletion bias voltage also yields excellent
blue response in the \full-depletion" technology. Consequently, these devices can provide wider
wavelength sensitivity with higher quantum e�ciency at lower cost than devices currently in use
in astronomy.

The group has already fabricated and tested small (200�200 (15 �m)2 pixels) back-illuminated
CCDs on high-resistivity (�12 k
-cm) n-type silicon, making use of a high-purity process to
maintain very low leakage currents. Larger devices, up to 2K�2K are currently under test. These
300-�m thick devices operate totally depleted, with back illumination. They have outstanding
near-infrared response to just beyond 1000 nm with no fringing, and excellent blue response without
UV ooding or special processing. Experimental and theoretical studies verify that lateral di�usion
is less than or comparable to that in existing devices. The conventional MOS processing implies
an order of magnitude lower cost versus \thinned" CCDs.

II. Description

i. Introduction

Innovative imaging charge-coupled devices (CCDs) with superior red response (at response
to 1 �m with no fringing) are under development. The CCDs are made using standard MOS
processing on high-resistivity n-type substrates and are operated fully depleted. Tests of small
prototypes have veri�ed the potential of the technology [1,2,3,4].

The new CCDs can be produced at low cost yet will have superior quantum e�ciency over
existing high cost CCDs including other MOS CCDs fabricated on high-resistivity silicon. This
new technology will permit wideband imaging and spectroscopy from 300nm to 1050nm in low cost
large area mosaic arrays ideally suited for planned science projects at all of the largest telescopes.
Already superior quantum e�ciencies have been achieved throughout the wavelength range of 300
nm to 1000 nm. Further signi�cant improvements will be made as optical coatings are optimized
and improved.
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To overcome a variety of technical problems discussed below, high-performance CCDs for
astronomy are obtained by \thinning" conventional CCDs (where the active region is a thin 30{
50 
cm epitaxial layer grown on a lower-resistivity p-type substrate), leaving only the epitaxial
layer and gate circuitry. After back-surface preparation they are used with back illumination.
There are severe cost, quality, and availability problems associated with the process. For example,
each of the four or more 2048� 2048 pixel CCDs in a modern mosaic camera costs from $50,000
to $100,000, about an order of magnitude higher than the cost of the CCD as it leaves the foundry
due to the cost and yield of the subsequent \thinning" process [5].

All of these problems are avoided by the UCB/LBNL technology, in which the �nal CCD
emerges directly from the MOS foundry. There are additional gains: Since holes rather than elec-
trons are collected, no special back-window treatment is necessary to achieve high blue sensitivity.
These CCDs are likely to be more radiation resistant than standard CCDs, because boron, rather
than phosphorus, is used for doping, and because the high-resistivity substrate contains compara-
tively little oxygen. Because they are thick, red sensitivity is extended to near the bandgap cuto�
at 1100 nm (T=150K) [6]. No other MOS CCD process o�ers these improvements.

These \fully-depleted" 300 �m thick high-resistivity MOS CCDs are unique and exhibit sig-
ni�cantly improved performance over existing \deep-depletion" CCDs which still require thinning
to 40-50 �m for good performance and are technically quite di�erent.

This new CCD evolved from technologies developed for high energy physics silicon vertex
detectors which required radiation hardened pixelated detectors; however, the UCB/LBNL e�ort
in this development was motivated by the needs of the UCB/LBNL-based Supernova Cosmology
Project. The instrumental improvements essential to the group's future work serve to illustrate
the importance of the e�ort for optical astronomy in general.

The CCDs are developed, tested, and characterized at UCB and LBNL, and the CCD labo-
ratory at UCO/Lick.

ii. Uniqueness of UCB/LBNL Technology

The technology under development at UCB/LBNL is innovative and unique. Key to the tech-
nology are: 1) use of lightly doped n-type high-resistivity substrates, 2) transistor devices for these
substrates, 3) optically transparent ohmic contacts for the backside, 4) device structures enabling
the application of the bias voltage and minimizing noise, leakage currents, and di�usion, and 5)
development of CCD structures for operation on the n-type high-resistivity substrates.

A backside voltage is applied through an optically transparent contact while minimizing leak-
age currents such that the unthinned 300 �m thick substrate can be fully depleted. The application
of an independent backside voltage required to deplete a thick substrate with a conventional MOS
CCD is unique among CCD developers. The additionally required optically transparent ohmic
contact is also unique. Consequently, the UCB/LBNL CCD is the only \fully-depleted" thick
MOS CCD.

Full depletion of a standard low-resistivity silicon substrate is not technically feasible. So the
technical developments for expanding the wavelength sensitivity of scienti�c CCDs have focussed
on high-resistivity substrates. Unique among MOS CCD developers is the use at UCB/LBNL of
a lightly doped high-resistivity n-type silicon substrate. The community of developers of MOS
CCDs on high-resistivity silicon is small, limited to UCB/LBNL, MIT/Lincoln Laboratory [7,8,9],
and EEV Ltd [10,11,12,13,14].

The MOS CCDs developed at MIT/Lincoln Labs and EEV Ltd. are of the \deep-depletion"
type. In these devices partial depletion of the substrate is achieved to depths of typically 40-80 �m
through the potential applied at the charge transfer gates. The devices must still be thinned to 40-
50 �m in order to eliminate the �eld-free region between the depletion layer and the backside [7,10].
Thinning unfortunately undermines the long wavelength sensitivity and introduces large amplitude
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interference fringes at long wavelengths. The need to apply the depletion potential at the charge
transfer gate makes these devices harder to optimize.

The n-type substrate also avoids the backside electron-trapping which is a problem for all p-
type material CCDs. The use of n-type material is also expected to result in improved resistance
to bulk radiation damage due to the extremeley low density of phosphorus in the CCD channel
region [15]. Improved radiation resistance has already been observed in a proton test beam with
uences up to 1� 109p=cm2.

The application of a substrate bias voltage to the backside window has several advantages for
the \fully-depleted" CCDs. First, the potential developed by the CCD gate voltages is largely
independent of the substrate bias, hence the CCD gate voltages can be set to optimize CCD
parameters (well depth, CTE, etc...), while the substrate bias is used to set the depletion depth [3].
In a \deep-depletion" CCD the gate bias voltage determines the depletion depth for a given
resistivity. Maximizing depletion depth via gate voltage can result in the degradation of other
CCD parameters. Second, it allows for overdepletion with no signi�cant increase in dark current.
High resistivity wafers vary signi�cantly in doping uniformity so there can be signi�cant variation
in depletion thickness across the device if not fully or overdepleted. The normal clock biasing will
result in a depletion thickness variation in each pixel for the case of partial depletion [8]. Third, by
overdepleting the CCD the absence of a �eld-free region can be guaranteed and the rate of charge
spreading can be controlled.

Therefore, when compared to existing CCDs, the uniqueness of the LBNL CCD is summarized
as follows:

1. The signi�cantly lower dopant density used in the UCB/LBNL n-type substrates results in
full depletion of 300 �m thick substrates at reasonable operating voltages.

2. The complicated and expensive thinning to 40-50 �m as required in existing \deep depletion"
CCDs is eliminated.

3. The signi�cantly thicker UCB/LBNL CCD has higher quantum e�ciency in the near IR
wavelength region when compared to \deep depletion" CCDs.

4. Related to 3), fringing in the red end of the spectrum is still a problem with existing \deep
depletion" CCDs, and is for all practical purposes eliminated in the UCB/LBNL device.

5. The use of a unique substrate bias voltage results in independent control of depletion thickness,
without compromising CCD operating parameters (versus when gate electrode bias is used to
set the depletion depth as in existing \deep depletion" CCDs).

6. The use of n-type substrates eliminates the backside electron trapping problem and is expected
to result in signi�cantly improved radiation resistance.

The UCB/LBNL \fully-depleted" CCD utilizes conventional MOS technology. This implies
that technology transfer to any of a number of CCD manufacturers is possible without the need for
customized fabrication equipment to handle the double-sided lithography. The major di�erence for
wafers used by UCB/LBNL compared to industry standard wafers is the thickness (300 �m versus
industry standard 550 �m for 4 inch diameter). However, we have shown that conventional lithog-
raphy tools used in CCD manufacturing can operate with both wafer thicknesses (demonstrated
on both 1:1 scanners and 5:1 steppers). We have further identi�ed a major CCD manufacturer
able to process wafers of this thickness to our speci�cations. Consequently, the \fully-depleted"
thick MOS CCDs will be inexpensive to manufacture due to the lack of thinning and backside
lithography.

iii. Comparison of CCDs

The CCD design dilemma is summarized in Fig. 1. At the atmospheric cuto� at the blue
end (� �320 nm), the absorption length of light in silicon is about 10 nm. It is four orders of
magnitude larger, or 100 �m, at � = 1000 nm. The problem at the blue end is to collect electrons
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Figure 1: Absorption length of light in silicon
(solid curve). Except at wavelengths approach-
ing the bandgap cuto� at �b � 1100 nm, essen-
tially all absorbed photons produce e-h pairs.
The sensitive region of a conventional CCD is
the �20 �m-thick epitaxial layer, indicated by
the dotted line, while in the high-resistivity CCDs
the fully-depleted 300 �m substrate is active
(dashed line).

Figure 2: Quantum e�ciencies (QEs) of con-
ventional CCDs with front illumination, thinned
with back illumination, and thinned, back-illu-
minated with an antireective coating [26]. The
solid curve is for a photodiode with a back win-
dow consisting of 10 nm polysilicon plus an
indium-tin oxide (ITO) AR coating optimized
for 400 nm [27]. The open circles are Lick mea-
surements of a UCB/LBNL CCD with a 20 nm
polysilicon + ITO window.
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Figure 3: Calculated quantum e�ciencies for
thinned CCDs (20 �m thick) and UCB/LBNL
CCDs (300 �m thick, totally depleted) for the
case with no antireective coating.

Figure 4: Mask design used for the next fabri-
cation runs. Included in this design are CCDs
varying in size from 200� 200 to 2048� 2048,
transistor test structures of varying geometry,
p-i-n diode test structures, and a variety of pro-
cess monitors.
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Table 1: Characteristics of UCB/LBNL 200� 200 (15 �m)2 test CCDs as com-
pared with other red-sensitive detectors.

Characteristic LBNL test LBNL expected Typical CCDz MIT/Lincoln� HgCdTey

Typical format 200� 200 2K � 2K 2K � 2K 2K � 4K 2K � 2K
Operating Temp. 150 K 150 K 150 K 150 K 78 K
CTE > 0:999999 > 0:999995 > 0:999995 > 0:999995 |
Read noise 4{6 e 4 e 3{6 e (best � 1 e) 2-4 e 4 e
Dark current 0.3 e/m/pix 0.3 e/m/pix 0.03 e/m/pix 0.03 e/m/pix 1 e/m/pix
Full-well (e's) 240k{300k 240k{300k 150k (non-MPP) 120k 90k
Fringing @ 1000 nm < 5% < 5% 30% 30% {
QE @ 1000 nm� 50{67%** 70% 5{10% 10{16% 56%
Cost | 8K 50-100K | 300K

z http://sauron.as.arizona.edu/ccdlab/
� http://gardiner.ucolick.org:80/�ccdev/lincoln
y Hawaii-2 array prospects/cost as reported by K. Hodapp [28], Q.E. is from Hawaii-1 array
� At cold temperatures (T=150K) where QE drops due to bandgap widening [29].
** Single AR coating with best transmission at 400 nm. Range is di�erence between

LBNL and Lick measurements

a heavily obscured region of the Orion Nebula was imaged using an R �lter, which has maximum
transmission near 600 nm, and a narrow bandpass 1000 nm �lter obtained especially for these tests.
The examples shown in Fig. 5 show stars obscured at 600 nm but which are visible at 1000 nm.
Exposure times and image densities indicate comparable QE at each wavelength. To the best of
our knowledge, this is the �rst demonstration of high-QE imaging at 1000 nm with a CCD.

In Table 1 the UCB/LBNL test CCDs are compared with other available detectors for the
700 nm{1000 nm wavelength region. Charge transfer e�ciency (CTE), quantum e�ciency (QE)
as a function of wavelength, noise, and full well capacity, have been characterized on the 200� 200
prototypes. As expected when compared to thinned CCDs the dark current is larger in the
UCB/LBNL CCD by a factor of approximately the thickness ratio (larger volume for dark current
generation in the substrate). The CCDs were characterized in detail at the Lick Observatory CCD
Laboratory.

Charge transfer e�ciency was measured on the 200�200 prototype, but the measurments were
limited by the short baseline. Absolute CTE is measured using the line stacking technique with
an 55Fe source [30]. Recently a new CTE measurement technique was applied to the 200� 200,
and values of greater than 0.999999 were measured [31].

Based on the success of the 200�200 (15 �m)2-pixel prototype [1,2,3,31], the case for developing
large area CCDs suitable for scienti�c imaging applications is very compelling. It is clear that the
device is already superior for optical astronomy except for its small size.

v. Technical features of high-resistivity CCDs

Figure 6 shows the basic concept for the back-illuminated, fully-depleted CCD. A conventional
three-phase, buried-channel CCD is fabricated on a high-resistivity silicon substrate of nominal
thickness 300 �m. A bias voltage is applied to the backside contact in order to fully deplete the
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Figure 6: Cross-sectional drawing of the back-
illuminated, fully-depleted CCD. A convention-
al buried channel CCD is fabricated on a high-
resistivity silicon substrate. A bias voltage
applied to the backside contact results in full
depletion of the substrate.

Figure 7: Simulated potential distribution for
the cross-section shown in Figure 6. The sub-
strate doping was 6 � 1011 cm�3 and the buried
channel implant dose was 1.5� 1012 cm�2. The
origin in Y corresponds to the top of the buried
channel region in Figure 6.

300 �m thick substrate. This contact is also the illumination entrance window. An antireective
coating is added to maximize transmission over the extended optical region, 300 nm{1000 nm.

The use of a high-resistivity substrate permits fully depleted operation at reasonable bias volt-
ages. The e�ect of the bias voltage is to remove the mobile electrons resulting from the extremely
small number of dopants atoms (phosphorus) in the high-resistivity silicon. The resistivity of
� 10,000 
-cm corresponds to a doping density in the mid-1011 cm�3 range, about four orders
of magnitude smaller than in conventional CCDs. The substrate thickness used here, 300 �m,
is signi�cantly thicker than previous conventional, deep-depletion CCDs with typically 40-80 �m
thick depletion regions [7,8,9,10,11,12,13,14,32,33].

The removal of the mobile electrons from the substrate results in an electric �eld due to the
dopant atoms that are now ionized and positively charged. This electric �eld extends essentially all
the way to the backside contact, hence the term full depletion. This element is key to the proper
operation of the back illuminated CCD. Short wavelength light is absorbed very near the backside
contact. In order to minimize the loss of spatial resolution due to thermal di�usion, it is important
the the photo-generated charge be directed towards the CCD buried channels by an electric �eld.
If any signi�cant �eld-free region is present, the spatial resolution will be signi�cantly degraded
by charge di�usion. This is discussed in more detail below.

Figure 7 shows the results of a two-dimensional simulation [34] of the CCD structure shown
in Figure 6. Bias voltages on the polycrystalline silicon gates result in a potential well where
the photo-generated charge carriers are collected. A drift electric �eld in the substrate steers the
charge carriers to the potential wells with minimal loss of spatial resolution.

This type of CCD has several advantages over thinned CCDs. Since the electric �eld extends
to the backside contact, the device does not require thinning, resulting in simpler packaging. As
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already discussed, the thicker active region results in optical response nearly to the silicon bandgap
cuto� at 1100 nm and x-ray response to about 13 keV.

In order to realize the bene�ts of such a CCD, several technical challenges needed to be
overcome. One concern was maintaining low dark currents with a substantially thicker depletion
region as compared to thinned CCDs. A technique for processing high-resistivity silicon while
maintaining low dark currents had been previously developed for high-energy physics detectors [35],
and this active gettering technique was also used for the CCD fabrication. It consists of the
deposition of a phosphorus-doped, backside polycrystalline silicon layer which getters harmful
impurities during the fabrication process. High dark currents were a signi�cant problem with
initial attempts to develop CCDs on high-resistivity substrates [36,37].

Another signi�cant challenge was the development of a transparent back-side window that
allows transmission of short-wavelength light and application of the bias voltage necessary for full
depletion of the substrate. A backside window consisting of a thin layer of in-situ doped polysilicon
with an indium-tin oxide antireection coating was developed [1,27].

vi. Planned development

Current development objectives are:

1. Device physics issues/optimization of CCD characteristics

2. Process technology development

3. Commercialization

In the device physics area several studies are being investigated. The main CCD parameters
to be optimized are quantum e�ciency, read noise, charge transfer e�ciency, dark current, and
full well capacity. For the most part these have been characterized on the 200� 200 prototypes,
but in some cases there is room for improvement. In other cases scale up to large area devices
must be demonstrated (especially dark current).

Fabrication runs using the recently acquired 1:1 scanning lithography system will be used for
the CCD optimization studies. Figure 4 shows the mask design used for the current fabrication
run. Included in this design are CCDs varying in size from 200�200 to 2048�2048, transistor test
structures of varying geometry, p-i-n diode test structures, interpoly oxide capacitor test structures,
contact resistance test structures, and in-process monitors for alignment characterization. Within
a lot of 20 wafers, the lot is split and only a small subset of wafers are fully processed to completion
at any time so that the e�ect of critical process steps can be fully assessed.

All of the larger CCDs shown in Fig. 4 have split vertical registers to allow for either frame store
or frame transfer operation. The serial registers are also split to allow for two readout ampli�ers
per CCD. The four 512 � 512 CCDs have output transistors of di�erent geometry to investigate
possible improvements in noise when compared to the 200 � 200 prototype. Also included are
high frame rate CCDs that are prototype devices for the JPL Space Interferometry Mission (SIM).
These CCDs have four ampli�ers (1 for every 32 columns) for fast readout in a 128 � 32, 24 �m
pixel format.

High quantum e�ciency across a wider wavelength range than is possible with conventional
CCDs is one of the major advantages of this type of CCD. However, the QE at present is limited by
the single layer, indium tin oxide anti-reection coating. We intend to develop improved coatings
based on two-layer coatings consisting of sputtered silicon dioxide and indium-tin oxide layers.
Detailed design studies are required for proper optimization of the two-layer system, followed by
actual implementation. In particular, increased QE in the near IR is the major goal of this work.

Fabrication of CCDs on high resistivity, oat zone silicon is complicated by the enhanced
susceptibility of dislocation generation during high temperature processing in such material [Gre-

gory]. Dislocations are generated as a result of the thermal gradients present during temperature
ramping. If signi�cant problems are found a detailed characterization of the thermal gradients
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present during wafer furnace operations may be required. Commercially available thermocouple-
instrumented wafers could be used to realize furnace conditions that result in minimal thermal
gradients.

Concurrent with the process technology development and the fabrication of large-format de-
vices we intend to being the process of transferring the process technology to a commercial vendor.
Commercialization will require further optimization and re�nement of the process recipes.

vii. Lateral di�usion

In the case of a fully-depleted, back-illuminated CCD, there was some concern that lateral
di�usion of the charge might be important, during its transit from production near the back
surface to the potential wells located nearly 300 �m away. This has been studied in detail both
theoretically and experimentally [3].

Expressions for charge spreading, in a gaussian approximation in which longitudinal di�usion
was ignored, were derived in the case of an overdepleted substrate. The transit time of carriers in
an electric �eld is calculated, and the rms deviation in x and y due to di�usion is then given byp
2Dttr where D is the di�usion coe�cient and ttr is the carrier transit time. For the electric �eld

pro�le in a p-i-n diode (which matches that in a CCD except near the potential wells) the result is

�od =
p
2Dttr =

s
2
kT

q

�Si
�n

ln
Emax

ED

���!
V!1

s
2
kT

q

yD2

V
(1)

where k is Boltzmann's constant, T is the temperature in Kelvin, q is the electronic charge, �Si is
the permittivity of silicon, �n = qND is the volume charge density in the depleted region where
ND is the donor atom density in the depleted region, Emax is the �eld at the p-n junction, and
ED is the �eld at yD , where the backside contact is located. yD is essentially the thickness of the
substrate. An implicit assumption used in deriving Eq. (1) is that the photons are absorbed at yD,
which is the worst case. A more general derivation would lead to ED in the above equation being
replaced by Emax+(�Si=�n)y, where y is the depth at which the photon is absorbed. At high �elds
�od approaches the constant-�eld result indicated by the limit V !1 in Eq. (1), where V is the
applied potential. The standard deviation is independent of ND and linear in yD, the substrate
thickness.

If part of the substrate is undepleted, lateral di�usion is dominated by di�usion in this �eld-free
region. There is a related potential problem, and the results, while complicated, are well-known.
The distribution has signi�cant nongaussian tails, and the standard deviation is given by 0:8616 yff ,
where yff is the thickness of the �eld-free region.

Charge di�usion was experimentally characterized by imaging a pinhole mask consisting of
small openings etched in a chrome layer on a quartz substrate that is placed directly on a back-
illuminated CCD [2,3]. A �lter centered at 400 nm was used to give short-wavelength light which is
absorbed within 0.1{0.2 �m from the surface. Figure 8 shows the measured rms charge spreading
as a function of substrate bias voltage. At large bias voltages the rms charge spreading is about
10 �m, which is negligible in many astronomical applications. According to the �eld-free di�usion
analysis, a similar amount of charge spreading is expected in a thinned CCD with about 11 �m of
�eld-free region [39].

viii. Radiation hardness

Radiation damage is relevant to future space applications. J. Janesick has been pointed out
(private communication) that the major bulk damage e�ect due to space protons, for example,
is the generation of trapping states due to formation of phosphorus-vacancy pairs (the P-V cen-
ter) [15,40,41,42,43]. This defect results in hot pixels (high dark current) and degrades CTE.
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Figure 8: Measured rms lateral di�usion (x or y) for point sources of blue
light on the back of an UCB/LBNL CCD. In the present analysis, undersampling
results in an overestimate for � <� 15 �m. The expressions given in Eq. (1) for the
overdepleted and asymtotic forms are plotted, as is the analytic result in the case
of dominance of di�usion in the �eld-free region.

Typical CCDs have phosphorus implanted channels, with peak phosphorus concentrations in the
low 1016 cm3 range [38]. Our p-channel CCD has a boron implanted channel, and the background
phosphorus concentration is extremely small in the high-resistivity substrate (in the low 1011 cm3

range). Therefore it is expected that P-V centers will not limit radiation hardness, but instead
oxygen-related defects as observed by Meidinger et al. [44]. High-resistivity silicon has signi�cantly
reduced oxygen levels as well [45]. The type of CCD under development here has already been
shown to have signi�cantly improved radiation hardness when compared to conventional CCDs.

ix. Conclusion

CCDs are used in a wide range of instruments. Over the past decade charge-coupled device
(CCD) detectors have launched a revolution in observational astronomy. The two orders of mag-
nitude improvement in quantum e�ciency compared to the photographic plates, and the almost
six orders of magnitude increase in number of resolution elements compared to a photomultiplier
have enabled research once only dreamt of.

The goals in developing new CCDs are essential two-fold: to enable new science, and to
signi�cantly improve the quality and quantity of data for all types of science. Examples of science-
driven CCD detector improvements include, as an example, the considerable e�ort which has gone
into the thinning of the CCD silicon substrate. Likewise considerable work has been performed
to reduce readout noise and increase charge transfer e�ciency, making CCDs useful for very low-
light applications such as spectroscopy, narrow-band imaging, imaging in space, and high-speed
photometry. CCDs have been made larger so that more, or larger, objects or spectral elements can
be observed in one exposure. Indeed, a number of instruments using mosaics of CCDs (up to 8k x
10k pixels and more) have been developed in the last few years which have allowed surveys with sky
coverage approaching that attained when photographic plates were in use. The quantum e�ciency
has been improved through the use of thinning and anti-reection coatings, again improving the
quality of the scienti�c data.

Despite these impressive developments, the shortcomings of modern CCDs are not negligible.
The thinning process employed to enhance UV response results in decreased red response since for
thin CCDs the product of the silicon absorption cross-section and the thickness becomes less than
one as the band-gap energy is approached. This not only results in lower red quantum e�ciency,
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but fringes develop as transmitted photons are reected with a thinned CCD and subsequently
interfere with incoming photons. High quantum e�ciency from the UV to 1000 nm, and without
fringing, is an important goal for CCD detector development and would revolutionize the �eld.

The \fully-depleted" CCDs will substantially extend the reach of astronomers in several re-
spects: High-performance CCDs will be available at a reasonable cost to astronomers working at
smaller facilities, and the extra near-infrared capability will greatly facilitate spectroscopic and
high red-shift studies in optical astronomy.

Our CCD is well suited to space- and ground-based telescope applications that require:

o Optical and near-IR coverage with a single camera package.

{ Large telescopes cannot change instruments quickly.

{ Space-based telescopes cannot always a�ord the weight and complexity of secondary systems.

{ Spectroscopy and imaging often need continuous high-e�ciency from optical to near-IR.

o Reasonable cost imagers.

{ Avoiding expensive very cold temperature overhead, and expensive IR detectors.

{ Large mosaic focal plane coverage with reasonable cost and complexity.

{ Direct chip-for-chip replacement in current CCD cameras and spectrographs to allow retro�t

o Radiation hardness for space-based applications.

These instrumental requirements are demanded by a large fraction of upcoming cosmology
projects, since the wavelengths of interest are typically just in the crossover between optical and
near-IR. New instruments designed speci�cally to take advantage of the \fully-depleted" thick
high-resistivity CCDs characteristics are likely to become mainstream scienti�c tools.
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